Abstract The p53 tumor suppressor gene is mutated in 50% of human cancers, resulting in more aggressive disease with greater resistance to chemotherapy and radiation therapy. Advances in gene therapy technologies offer a promising approach to restoring p53 function. We have developed polymeric nanoparticles (NPs), based on poly (lactic-co-glycolic acid), that provide sustained intracellular delivery of plasmid DNA, resulting in sustained gene expression without vector-associated toxicity. Our previous studies with p53 gene-loaded NPs (p53NPs) demonstrated sustained antiproliferative effects in cancer cells in vitro. The objective of this study was to evaluate the efficacy of p53NPs in vivo. Tumor xenografts in mice were established with human p53-null prostate cancer cells. Animals were treated with p53NPs by either local (intratumoral injection) or systemic (intravenous) administration. Controls included saline, p53 DNA alone, and control NPs. Mice treated with local injections of p53NPs demonstrated significant tumor inhibition and improved animal survival compared with controls. Tumor inhibition corresponded to sustained and greater p53 gene and protein expression in tumors treated with p53NPs than with p53 DNA alone. A single intravenous dose of p53NPs was successful in reducing tumor growth and improving animal survival, although not to the same extent as with local injections. Imaging studies showed that NPs accumulate in tumor tissue after intravenous injection; however, further improvement in tumor targeting efficiency of p53NPs may be needed for better outcome. In conclusion, the NP-mediated p53 gene therapy is effective in tumor growth inhibition. NPs may be developed as nonviral vectors for cancer and other genetic diseases.
Introduction
The p53 tumor suppressor gene is the most commonly altered gene in human cancer (Vogelstein et al. 2000) . It encodes for the transcription factor p53, which plays a central role in regulating cell cycle progression, senescence, differentiation, DNA repair, and apoptosis (Riley et al. 2008; Vousden and Lu 2002) . In response to DNA damage or other stress signals, p53 activity is upregulated to initiate a cascade of biological events that ultimately results in prevention of tumor development (Vousden and Lu 2002) . Mutations in p53 abrogate normal tumor suppressor functions, contributing to the survival and/or proliferation of abnormal cells with poorly differentiated phenotypes (Olivier et al. 2009; Carson and Lois 1995) . Cancer cells containing mutant p53 are associated with more aggressive disease, increased resistance to chemotherapy and radiation therapy, and poor prognosis (Ecke et al. 2010; Hirshfield et al. 2010) . As a result, there is great interest in therapeutic strategies aimed at restoring the function of p53 for the treatment of cancer (Brown et al. 2009; Bossi and Sacchi 2007) .
Gene therapy is a promising approach to restoring p53 function through delivery of the wild-type p53 gene to cancer cells. A successful p53 gene delivery system must meet several criteria. The vector itself should be nontoxic and nonimmunogenic, allowing for multiple administrations if required. The p53 protein is potent but short-lived; therefore, a gene vector must provide sustained gene expression within tumors for the therapeutic effects to be long lasting. Interestingly, p53 exhibits potent bystander effects, so high levels of transfection may not be necessary for tumor inhibition, since transfected cells may affect the nontransfected portions of the tumor (Xu et al. 1997; Bouvet et al. 1998) . Ideally, the gene vector would be delivered systemically and selectively target both primary and metastatic tumors.
We have developed polymeric biodegradable nanoparticles (NPs), based on poly(lactide-co-glycolide), with controlled release properties as nonviral vectors for gene therapy. Our studies have shown that these NPs are first internalized by cells via endocytosis and pinocytosis, then rapidly escape from endolysosomes into the cytoplasm (Panyam et al. 2002; Panyam and Labhasetwar 2003) . As the NPs degrade, DNA is released into the cytosol over time, resulting in sustained gene expression (Prabha and Labhasetwar 2004a) . In our previous study, cancer cells treated in vitro with p53 gene-loaded NPs (p53NPs) demonstrated prolonged p53 gene expression, greater antiproliferative activity, and less toxicity compared with p53 gene-loaded cationic liposomes (Prabha and Labhasetwar 2004a) . The objective of this study was to evaluate NPs as vectors for p53 gene therapy in vivo for tumor inhibition. Based on previous in vitro findings, we hypothesized that the NPs would provide sustained gene transfection in tumor tissue, resulting in tumor growth inhibition and improved animal survival. To test this, we used a mouse xenograft model of human prostate cancer and evaluated the effects of NP-mediated gene therapy following local and systemic treatments.
Materials and methods

Plasmid DNA
The recombinant pCEP4 vector containing a cytomegalovirusdriven wild-type p53 (wt-human p53 cDNA) was kindly provided by Dr. Pi-Wang Cheng (Biochemistry and Molecular Biology, University of Nebraska Medical Center; Seki et al. 2002) . The vector was transformed and propagated in DH5-alpha Escherichia coli (Invitrogen, Carlsbad, CA, USA). Plasmid was isolated using an Endofree Plasmid Giga Kit (Qiagen, Valencia, CA, USA) according to manufacturer's protocol.
Formulation of NPs containing plasmid DNA Poly(D,L-lactide-co-glycolide) (PLGA, copolymer ratio 50:50, inherent viscosity of 1.24 dL/g) was purchased from Durect Corporation, Pelham, AL, USA. Acetylated bovine serum albumin (Ac-BSA), polyvinyl alcohol (PVA, average molecular weight 30,000-70,000, 87-90% hydrolyzed), and Tris-acetate EDTA buffer (TE Buffer, pH 8.0) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). DNA-loaded NPs were formulated by a doubleemulsion solvent evaporation technique (Prabha and Labhasetwar 2004b) . In brief, an aqueous solution containing 1 mg of p53 plasmid DNA and 2 mg of Ac-BSA in 200 μL of TE buffer were emulsified into 1 mL of PLGA solution in chloroform (30 mg PLGA/mL) using a probe sonicator (XL 2015 Sonicator® ultrasonic processor, Misonix Inc., Farmingdale, NY, USA) at 55 W of energy output for 1 min over an ice bath. The Ac-BSA is nuclease free and provides stability to the primary emulsion, resulting in better encapsulation of DNA in NPs (Vasir et al. 2006 ). The primary emulsion was then emulsified into 6 ml of 2% w/v aqueous solution of PVA using sonication as above for 5 min to form a multiple (water-inoil-in-water) emulsion. We have previously shown that sonication of the emulsion does not affect the integrity of the DNA or its transfection efficiency (Labhasetwar et al. 1998 (Labhasetwar et al. , 1999 . The emulsion was stirred overnight at room temperature to evaporate chloroform. NPs were recovered by ultracentrifugation at 35,000 rpm (Beckman L80, Beckman Instruments, Inc., Palo Alto, CA, USA), washed three times with TE buffer to remove PVA and unentrapped DNA, resuspended in autoclaved water, and lyophilized. The washings following the recovery of NPs were saved to determine DNA encapsulation using an indirect method (Prabha and Labhasetwar 2004b) . In brief, the DNA concentration in the washings was determined by UV absorbance at 260 nm using a spectrophotometer. Washings from control NPs (without DNA) were used to blank the spectrophotometer. The amount of DNA encapsulated in the NPs was determined by subtracting the amount in the washings from the amount used in the preparation. DNA encapsulation efficiency was approximately 60-80%, resulting in DNA loading of 2% w/w. NP size was determined using quasi-elastic light scattering (PSS/ NICOMP 380/ZLS Particle Sizing Systems, Santa Barbara, CA, USA). The resulting NPs had an average hydrodynamic diameter of 280 nm (polydispersity index=0.106); the diameter measured by transmission electron microscopy was~100 nm (Panyam et al. 2002; Panyam and Labhasetwar 2003) . Control and DNA-loaded NPs were similar in size.
Cell line
The PC-3 human prostate carcinoma cell line, which is p53 null, was purchased from American Type Culture Collection (ATCC, Rockville, MD, USA), cultured in RPMI 1640 (Life Technologies, Inc., Grand Island, NY, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum and 1:100 penicillin/streptomycin. Cells were maintained in a humidified incubator at 37°C and 5% CO 2 . Prior to use, cells were detached using Trypsin/EDTA (Life Technologies, Inc., Grand Island, NY, USA) at 37°C.
PC-3 prostate carcinoma mouse model
Male, athymic nude mice (nu/nu, 5-6 weeks old) were purchased from Charles River Laboratories (Wilmington, MA, USA). Animal studies were performed in accordance with the Guide for Care and Use of Laboratory Animals (7th ed., Washington, DC, USA, National Academies Press 1996), and protocols were approved by the Institutional Animal Care and Use Committee. One million PC-3 cells were suspended in 200 μL of 50:50 phosphate buffered saline (PBS, Gibco) and Matrigel (Growth Factor Reduced, BD Biosciences, San Jose, CA, USA), and injected subcutaneously into the left flank of the mouse. Tumor size was measured every other day using digital calipers. Tumor volume was calculated using the formula, tumor volume (mm 3 )=0.5×length×width 2 . Animals were treated by either intratumoral injection when tumor volume reached~100 mm 3 , or by intravenous injection when tumor volume reached~300 mm 3 . We selected a larger tumor, with more mature vasculature, for intravenous injection to facilitate NP delivery to the tumor by the enhanced permeability and retention (EPR) effect. Treatment groups were as follows: (1) Animals were euthanized if tumors reached a size greater than 10% of body weight or if they had lost 20% or more of their original body weight.
Gene expression analysis
Total RNA was extracted from tumor tissues 3, 14, and 30 days after intratumoral treatment. Approximately 300 ng of total RNA was used for reverse transcription polymerase chain reaction (RT-PCR) using a GeneAmp PCR kit (Applied Biosystems, Foster City, CA, USA). All reverse transcription reactions were carried out for 20 min at 42°C, then 5 min at 99°C, finally 5 min at 4°C. The primers used for amplifying p53 gene fragment corresponding to residues 529-786 of p53 gene coding region were 5′-TCCACCAGGTCATCTACC-3′ (forward) and 5′-CTCTGAGCCGTTCATACACA-3′ (reverse). The primers used for amplifying β-actin were 5′-GTGGGGCGCCCCAGGCACCA-3′ (forward) and 5′-CTCCTTAATGTCACGCACGATTTC-3′ (reverse). PCR cycles were started with 94°C for 3 min, then performed for 27 cycles with 30 s of denaturation at 94°C, 40 s of annealing temperature at 55°C, and extension for 40 s at 72°C, next 3 min at 72°C, finally stopped at 4°C. The PCR products were analyzed by electrophoresis on a 1.5 % agarose gel.
Immunohistochemical staining for p53
The expression of p53 protein in tumor tissue was examined by immunohistochemistry. Sections (4 μm thick) were obtained from tumors treated with p53NP, p53DNA, and saline. The paraffin-embedded sections were deparaffinized in xylene, rehydrated in a decreasing ethanol series, and washed in distilled water. Samples were then incubated for 20 min with 0.3% hydrogen peroxide (H 2 O 2 ) in methanol at room temperature to quench endogenous peroxidase activity. Antigen retrieval was performed in an antigen-retrieval fixative (citrate acid and citrate sodium buffer at pH 6.0) at 89°C for 10 min. After washing with PBS (pH 7.4), the samples were immersed in 1% BSA for 60 min to block nonspecific protein binding. Tissue sections were then incubated with primary antibody of anti-p53 monoclonal (Ab-1, Oncogene Research Products) at 4°C overnight. Bound antibody was detected with biotinylated IgG of secondary antibody and streptavidin-peroxidase complex (HRP Detection System, BD Pharmingen), using diaminobenzidine tetrahydrochloride as the substrate. Sections were counterstained with hematoxylin.
Imaging and evaluation of biodistribution of nanoparticles
The biodistribution of NPs was determined with the Cambridge Research and Instrumentation Maestro EX fluorescence imaging system (Woburn, MA, USA). These NPs were made as described above, with the addition of the near-infrared (NIR) dye SDB 5491 (HW Sands, Jupiter, FL, USA) to the PLGA solution (100 μg dye/3 mL PLGA solution) prior to emulsification in PVA. The resulting dyeloaded NPs were similar in size to the DNA loaded NPs, with an average hydrodynamic diameter of 285 (polydispersity index=0.097). We have successfully used the above NIR dye in magnetic NP formulations to study their biodistribution in a breast tumor model (Foy et al. 2010) . Initial studies were performed to optimize the dye loading and imaging protocols such that a linear correlation between the NIR signal and dye-loaded NPs was obtained. Different amounts of NPs in 100 μl of water were pipetted into white 96-well plates (Nunc Brand, Fisher Scientific, Pittsburg, PA, USA). The plate was imaged with the Maestro using the NIR filter set with auto-exposure. Regions of interest (ROIs) were created around each well and the average signal recorded. The average signal was plotted against the amount of NP. To determine the effects of photobleaching, a mouse was injected subcutaneously on the right lateral side with NPs and imaged with the Maestro five successive times using the blue and NIR filter set at exposure times of 900 and 1,800 ms, respectively. Data were normalized to the first image taken and plotted against the numbers of times exposed. To evaluate biodistribution of NPs, the dyeloaded NPs were injected intravenously in tumor-bearing mice, at a dose of 2.9 μg dye (3 mg NPs). The mice were imaged prior to injection and post-injection at different time points. The cubes (images) obtained were unmixed to obtain an image showing fluorescing regions. ROIs were created on anatomical locations corresponding to the liver, tumor, and muscle (as background) to obtain average signal counts.
Statistical analysis
All numerical data were expressed as the average of the values obtained, with error bars representing the standard error of mean. Tumor growth curves were analyzed by calculating the area under the curve from day 0 to the day on which animals began to die (day 17 in the intratumoral injection experiment, and day 13 in the intravenous experiment). The area-under-the curve provided estimates of percentage inhibition in tumor growth compared to control groups over the time course of the study, rather than at a single time point (Dings et al. 2010) . We performed Student's t test (without correction for multiple hypothesis tests) to determine differences between treatment and control data sets. Analysis of the Kaplan-Meier survival curve was conducted by a log-rank statistical test. We considered p≤0.05 to be statistically significant.
Results
Local administration of p53NPs
Intratumoral injection of p53NPs resulted in tumor growth inhibition (Fig. 1) . All groups showed an initial reduction in tumor volume, likely due to trauma induced by the injection itself. In the p53NP group, tumor inhibition was sustained for approximately 20 days, after which tumors began to grow again, albeit more slowly than controls. A second dose of p53NPs, administered at day 32, restored tumor growth inhibition for the duration of the study. Second doses were not administered in the control groups at this point, since nearly half the animals had died. Survival rates among the control groups were similar, with a median survival of 38 days (Fig. 2) . In the p53NP group, all animals survived to receive the second dose on day 32, and all but one animal survived to 100 days.
In vivo expression of p53
NPs induced expression of the p53 gene in tumor cells, which was detected by RT-PCR up to 30 days posttreatment (Fig. 3) . In comparison, tumors treated with p53 plasmid DNA demonstrated a relatively lower level of p53 expression 3 days post-injection, and no expression after 14 and 30 days. In the p53NP group, there appeared to be a reduction in p53 expression between 14 and 30 days posttreatment, which corresponds to the time frame in which the rate of tumor growth increased. Gene expression results were consistent with immunohistochemistry results for p53 protein expression. Qualitatively, a greater number of p53-positive cells were observed in tumors treated with p53NPs ( Fig. 4a ) compared to p53DNA after 14 days (Fig. 4b) . No p53 protein was found in saline controls (Fig. 4c) .
NP localization after systemic administration
After demonstrating that NPs could induce p53 expression in tumor cells, reduce tumor growth, and improve animal survival using intratumoral injections, we sought to evaluate their efficacy via systemic administration. First, using optimized imaging techniques, we evaluated if NPs localize to tumors after intravenous injection. Imaging protocols were established that provided a linear correlation between the NIR signal and NIR-dye loaded NPs (Fig. 5a) . It was also demonstrated that dye-loaded NPs provide a stable NIR signal when injected in vivo and imaged repeatedly (Fig. 5b) . Therefore the same animal could be imaged at successive time points without photobleaching of the dye. Initially after intravenous injection, a high NIR signal was observed in the liver. After several hours, the relative signal increased in the tumor and remained there for more than 4 days (Fig. 5c-e) . The presence of the NIR signal in the tumor indicated that NPs are retained in the tumor after intravenous injection and may therefore be able to deliver the p53 gene to tumor cells when administered systemically.
Intravenous administration of p53NPs
Intravenous administration of p53NPs was well-tolerated by the animals, and no signs of toxicity were observed. A single dose of p53NPs resulted in a reduction in tumor growth compared to all control groups (Fig. 6) . Salinetreated and p53(−)NP-treated animals exhibited similar tumor growth kinetics, indicating that there were no nonspecific effects of the NPs. Treatment with plasmid p53 DNA alone caused a 20% decrease in tumor growth compared to saline controls, whereas mice treated with p53NPs demonstrated a 41% reduction in tumor growth compared to saline controls (based on area-under-the curve values). Unlike results from the use of p53NPs, treatment with p53DNA failed to improve the survival of animals (Fig. 7) . The median survival time for animals treated with either saline or p53DNA was 27 days, and for those treated with p53NP, the median time was 39 days. Most animals (six of eight) treated with p53DNA alone were euthanized because of severe weight loss, despite reductions in tumor growth. We observed that weight loss often corresponded to gross evidence of metastatic progression, such as enlarged lymph nodes or tumor invasion into the peritoneal cavity, which was confirmed by autopsy. In p53NP-treated animals, only one of the seven animals was euthanized for severe weight loss. The remaining animals were eventually euthanized when tumors grew to 10% body weight, but there were no gross signs of metastatic disease. In addition to affecting tumor growth rates, p53NP treatment may affect the metastatic potential of the tumor.
Discussion
Gene therapy holds great promise for the treatment of cancer through the delivery of genes that suppress and/or reverse tumor growth and disease progression. However, this strategy requires the development of safe, stable gene delivery systems that, ideally, can be delivered systemically to target tumor cells. We report on a nonviral, polymeric NP-based gene vector for delivery of a prominent tumor suppressor gene, p53. We demonstrated that this vector is nontoxic and can be delivered locally or systemically to induce functional expression of p53 in tumor cells, resulting in tumor growth inhibition and improved animal survival. Our previous studies have shown that NPs act as an intracellular depot, resulting in sustained DNA delivery and gene expression (Prabha and Labhasetwar 2004a) . In this study, we show sustained p53 mRNA levels and enhanced p53 protein expression in tumor tissue with direct intratumoral injection, resulting in significant tumor growth inhibition and increased survival of treated animals as compared to controls. There were no nonspecific effects of control NPs or NPs with control DNA (p53(−)NPs), indicating that the vector alone is not toxic to cells and that the efficacy of the p53NPs is attributable to delivery of the p53 gene. Treatment of tumors by direct intratumoral injection is a clinically relevant technique (Pisters et al. 2004) and also provided a simple model to initially evaluate the efficacy of the p53NPs in vivo. It is interesting to note in our study that the second dose of p53NPs was more effective in sustaining tumor growth inhibition than the first dose (Fig. 1) . This difference in efficacy may be attributed to the difference in the way we injected p53NPs in the tumor. The first dose was injected directly through the top of the tumor as a single injection, whereas the second dose was injected through the base of the tumor at three different locations. This change in injection strategy was due to the effects observed after the first injection. Direct injection through the top of the tumor resulted in regression of tumor tissue in the area of the injection, but the periphery of the tumor was not affected and continued to grow to form a tumor similar in shape and size to the pre-injection tumor. Injection of p53NPs in multiple locations at the base of the tumor caused more uniform tumor inhibition. This difference in response could be due to the distribution of NPs in the tumor mass, with the second approach perhaps resulting in better distribution of the vector than the direct single injection through the top of the tumor. These observations suggest that the uniform distribution of NPs into the tumor mass is critical for better efficacy.
Levels of p53 mRNA corresponded to tumor growth, such that a decline in intratumoral p53 gene expression occurred at the same time that tumor growth increased after the first intratumoral injection (Fig. 3) . Whether the decrease in p53 expression from 14 to 30 days in the tumor is a cause or effect of tumor growth cannot be distinguished and may be related to the manner in which the first dose was administered. A decrease in p53 expression may certainly cause tumor growth, but growth of untransfected cells in the periphery of the tumor may also result in a lower ratio of p53 mRNA to β-actin mRNA in the tumor. Therefore, dose administration to the tumor should be optimized to maintain therapeutic levels of p53 gene expression throughout the tumor to achieve a uniform response.
A single-dose intravenous injection of p53NPs also demonstrated inhibition of tumor growth and prolonged animal survival compared with controls, but the magnitude of the effect was less compared with the effects of direct intratumoral injection. This difference may be attributable in part to the difference in the tumor size at the time of treatment; however, we suspect that the loss of NPs to other body compartments after intravenous injection is also a factor. The primary mechanism by which unmodified NPs localize in the tumor is via the EPR effect; however, this effect could be quite inefficient in localizing NPs selectively to tumor. In this regard, NPs could be modified with different ligands that target the tumor vasculature, such as RGD peptide (Danhier et al. 2009 ) and/or target receptors overexpressed in cancer cells such as transferrin and folate (Yu et al. 2010) . The optical imaging method developed to study the biodistribution of NPs in vivo could be used to optimize tumor targeting efficiency of different formulations of NPs for tumor-targeted delivery. Our current imaging system is limited in its ability to accurately measure NIR signal in deep organs because signal is lost due to scatter and absorbance with depth into tissue. To get a more accurate representation of the amount of NPs in the various body compartments, ex vivo imaging of organs posttreatment may be required. Despite this limitation, the relative NIR signal in the tumor in vivo over time is useful for determining if targeting techniques are effective in improving NP accumulation in the tumor.
The ability to provide sustained gene transfection without vector-associated toxicity is a significant advantage over other gene vectors. Viral vectors are very efficient at cellular targeting and gene transfection and have been studied for p53 gene delivery; however, serious safety issues, such as toxicity, insertional mutagenesis, and immunogenicity (especially with multiple administrations), often limit their use to local injections rather than systemic delivery (Pisters et al. 2004; Cristofanilli et al. 2006; Heilbronn and Weger 2010) . As a result, clinical trials of adenoviral vector-mediated p53 gene therapy have been conducted for cancers in which intratumoral injections were feasible (Zhang et al. 2009; Weill et al. 2000) . Non-viral vectors offer a safer alternative for gene therapy, but often result in transient gene delivery. Many nonviral vectors, such as liposomes, lipoplexes, and cationic polyplexes, are limited in their ability to provide controlled release of DNA and may require multiple doses per week to achieve efficacious results (Seki et al. 2002; Ditto et al. 2009 ). These vectors also have cytotoxicity issues, since they gain entry into cells through interaction or fusion with the plasma membrane, which can lead to nonspecific cell lysis (Ditto et al. 2009 ). NPs may therefore provide an improved therapeutic window compared to other gene vectors, especially for systemic delivery, because of sustained gene expression (requiring less frequent dosing) and biocompatibility of the polymer system.
Although multiple genes are involved in carcinogenesis, p53 is the most widely studied tumor suppressor gene, since the majority of cancers demonstrate mutations in the gene itself or other defects in the p53 pathway. In this study, we investigated a gene therapy approach to restore p53 function in a p53-deficient prostate cancer model. Given the prevalence of p53 mutations, our NP-mediated p53 delivery system could be applicable to a wide range of cancers, including those of the breast, colon, lung, and head and neck (Vogelstein et al. 2000) . p53 is involved in a number of mechanisms relating to cancer progression and treatment. Activation of p53 typically occurs in response to DNA damage, cellular stress (including oncogene activation), and chemotherapeutic agents and often results in cell cycle arrest and/or apoptosis. Mutations in p53 not only contribute to tumor progression by allowing aberrant cells to grow, but also contribute to drug resistance since the efficacy of many chemotherapy drugs rely on p53-mediated apoptosis (Lowe et al. 1993) . Gene therapy with p53 could therefore be useful in suppressing tumor growth directly, as our study showed, and also for sensitizing tumors to chemotherapy and radiation therapy (Xu et al. 2001) .
Another role of p53, although less well-characterized, is its involvement in angiogenesis. Upregulation of wild-type p53 in tumors has been related to upregulation of antiangiogenic proteins, such as thrombospondin-1 (Liu et al. 1999 ) and downregulation of angiogenic proteins, such as vascular endothelial growth factor (Bouvet et al. 1998) . As a result, tumor inhibition may occur via reduction of the tumor's blood supply.
The growing body of research in the area of cancer stem cells suggests that p53 is involved in their regulation (Jerry et al. 2008 ). Many researchers have identified subsets of cells within tumors that have stem cell-like properties (i.e., cancer stem cells) that are responsible for driving tumor growth, metastasis, and recurrence of disease (Dalerba et al. 2007) . A recent study demonstrated that loss of p53 favored symmetric divisions (i.e., self-renewal) of cancer stem cells, contributing to tumor growth (Cicalese et al. 2009 ). Thus, there are a number of possible mechanisms by which p53 gene therapy may be beneficial. In our study, intratumoral injections caused tumors to stop growing, but the tumors did not completely regress. It may be possible that the cells in the tumor underwent cell cycle arrest rather than apoptosis, that inhibition of blood supply prevented tumor growth without destroying the entire tumor, or that the stem cell population within the tumor was reduced but other, less tumorigenic cells remained. It may also be possible that with intratumoral injections, the tumor cells died and were replaced by scar tissue. Further study of the mechanisms involved in NP-mediated p53 gene delivery will be important to understanding the basis of tumor inhibition and the impact on disease progression. A better mechanistic understanding will also be useful in identifying synergies with other cancer treatment modalities and optimizing targeting strategies.
Most cancer-related deaths are caused by metastasis, not by the primary tumor. The metastatic potential of cancers has been correlated to mutations in the p53 tumor suppressor gene (Wang et al. 1993) . Therefore, effective delivery of functional p53 that prevents metastatic progression from the primary tumor and/or treats the metastases may be the key to improving survival in cancer patients. In this study, we demonstrated improved animal survival upon treatment with p53NPs by both intratumoral and intravenous injection. We hypothesize that this improvement in survival is related to decreased metastasis. Animals treated with p53 DNA alone demonstrated some degree of tumor inhibition (Fig. 6) ; however, many animals experienced severe weight loss, which was correlated with gross evidence of metastasis, such as enlarged lymph nodes and invasion into the peritoneal cavity. In most p53NP-treated animals, these signs of metastatic disease were not observed. The ability to increase and/or prolong expression of p53 in the tumor with NPs may serve to decrease the metastatic potential of the tumor cells by some of the mechanisms described above, such as arresting growth, reducing angiogenesis, and/or altering the phenotypic characteristics of the tumor cells.
Conclusions
We have developed a nonviral, polymeric NP-based gene vector that is effective in sustaining p53 expression in tumors and may be beneficial in the treatment of cancer. Both local and systemic administration of p53NPs led to a reduction in tumor growth and improved animal survival. The methods and results of this study provide a foundation for further optimization of a promising gene therapy system.
